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LAGRANGIAN ANALYSIS OF MIV GAUGE EXPERIMENTS ON PBX 9502
USING THE MASS-DISPLACEMENT MOMENT FUNCTION®

Charles A. Forest. Jerry Wackerle. Jerry .J. Dick
Stephen A. Sheffield and Donald R. Pettit
Los Alamos National Laboratory
Los Alamos. NM 87543

Magnetic Impulse- Velocity (MIV) gauges were used to measure the impulse
and particle-velocity fields at discrete Lagrangian positions in two samples of the
TATB explosive PBX 9502. Each sample was shock driven by a 6.4 mm layer of re-
acting superfine TATB (p, = 1.80 g/cm?®), which was itself shocked by a gas Iriven
projectile. The gauge listories of particle velocity and impulse. and the derived
displaceruent history were simultaneously fit to the partial derivatives of the mass-
displacement moment function employing a single set of parameters. (The function
also gives volume, energy. pressure and their time derivatives.) With an assumed
mixture equation of state, the reaction extent and reaction rate were caleulated,
The two experiments were compared and rate correlations were examined.
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INTRODUC TION

Lagrangian analysis' ~% is the application of the con-
servation laws of mass and momentum to flow data ob-
tained from gauges embedded in a material. The gauges
are designed to disturb the flow as little as possible. and
in the Lagrangian analysis are assumed to be massless
and moving with the flow. The analysis uses the mea-
sured variables (such as particle velocity, stress, and im-
pulse) and the conservation laws to form surfaces over
the Lagrangian (k. 7) domain of the measured vanables
and of derived variables { such as volume, stress. and en-
ergy). Generally. the surfaces are not fluid-dynamic so-
lutions because certain essential information (such as the
equation of state, constitutive relation, or reaction rate!
needed to construct the solution is unknown and is it-
self the object of the experiment. Rather, approximat-
ing surfaces are formed that fit the data ia some opti-
mum way and that have a subset. of the physical proper-
ties of a solution. The analysis for reaction rate is com-
pleted by the assumption of a reactant product equa-
tion of state P = P(1’ e. w). and its time derivative

P, = —(pc)? V. + Pyu,. where w = mass fraction of
undecomposed reactant. ¢ = specific energy, and ¥V =
specific volume.

The data set may comprise data from sc.cral exper-
iments or a single experiment with multiple gauges. such
as the MIV assembly described here.

Magnetic impulse and velocity (MIV) gauge

assemblies® are used to record a material's response to

shock waves. and in particular. to record an explosive’s
reactive response to such stimuli, T e record consists
of simultancous histories of the impulse (1) and particle
veloeity (1) at a number (typically five) of distinet La-
grangian distance (h) positions.

The impulse gauge is an integrating velocity gauge
i

h,ir)
Ith. ) - / ul h, T')p,,c’”i'
h

and also then by momentum conservation,
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Ith.t) = / [P(h. ) - Po]dr'

. (M)
where
hq(T) = position of the shock,
7o h) = arrival time of the shock,
and

P = the pressure.

These data. along with shock-front data, form the
basis for a Lagrangian analysis in which approxima-
tions to I. u and other flow and state vanables are con-
structed.

Commonly the method for constructing the surface

u and I is the Path-Line Method® in which a family of
lines (roughly parallel to the shock line) are chosen so
that each line cuts each of the gauge histories. Then a
one-dimensional fit is made of v and I on each line using
as data the values of u and I at the intersections of the
path line with the history lines.

This paper. however, constructs the surface by us-
ing a rass-displacement moment function a(h. r) for
which u and I are partial derivatives. The value of o is
unimportant: the importance of a is that it induces the
proper relationship between the variables Ar (displace-
ment), I (impulse). n (compression). v (particle velocity),
and P (pressure), and that all the data are fitted simual
tanteously with one parameter set,

EXPERIMENT
The explosive PBX 9502 (TATB 95% /ISel-F 5

at density p, = 1.89 g/em? is quite insensitive and its
prompt shoek nitiation is bevond the eapabilities of our
current gas gun. Thus each of the samples of PBX 9502
wax boosted by a reacting, but not detonnting, layer of
supertine TATB of density p, = 1.80 g/em?. The sn
perfine TATB was shocked by the gas gun projectile as
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shown in Figure 1. Of course, the magnitude and pro-
file of the shock entering the PBX 9502 depends upon
the projectile velocity and the superfine booster thick-
ness. Accordingly. three preliminary experiments were
done to find an appropriate booster thickness. The last
of these. the 6.4-mm thick superfine TATB booster. was
a composite double wedge in which the shock track of
each wedge face recorded. The two MIV experiments
were both made with a 6.4-mm superfine booster. The
projectile velocities. however. were slightly different.

For the composite double wedge (Shot G684), the
shock trajectories of both faces were simultaneously
recorded by a single streak camera. The TATB booster
was impact shocked by a 11-mm VISTAL impactor (pp =
3.959) mounted vn a gas-gun projectile with velocity of
1.112 mm/pus. The shock trajectories were each fit by
a nonparametric data smoother TFLS that allowed a
discontinuous derivative (shock velocity) at the TATB-
PBX 9502 interface. The shock velocities are shown
in Figure 2. The shock velocity of one side is higher
throughout than that of the other side, which may have
resulted fron. wave tilt. A portion of the initial shock
trajectory was lost from each.

Similarly, in the MIV gauge experimnents (Shots
G705 and G717), the TATB boosters were shocked by
VISTAL-faced gas-gun projectiles of velocities 1.116 and
1.134 mm/us. The MIV gauge assemblies were placed at
an angle of 30 ° relative to the charge face in the two-
inch diameter PBX 9502 charges. Nominally, the impulse
and particle-velocity gauges are located 1, 2, 3. 4, and
5-nun deep into the PBX 9502 aud are isolated from two-
dimensional effects for the duration of the experimental
record. The shock-trajectory data are the shock arrival
times at the particle-velocity gauges and the shock veloe-
ities inferred from the Hugoniot (?’. = 2773 + 1.899 u,)
and the shock-jump particle velocities. The shock ar-
rival time is taken at the midrise of the par.icle-velocity
gnuge. The shoek particle velocity is the extrapolated
vidue of the particle-veloeity history at the shock ar-
rival time. The shock veloeity from a simultancous least
squares fit of shock position and veloeity are shown in
Figure 2.

ANALYSIS

The method is centered on a simultancous con
strained least-squares fit to the function. partinl deriva



tives, and shock-path derivatives of the mass-displace-

ment moment function.’

r h,(r"
atle. 7) =/ d'r'/ u(h'. 7')podh’
. (h) h

Note that

alh.r) = / I(h, t")dr'
r,(h)

the impulse time integral. and that by reversing the or-
der of integration

h,(r)
alh.7) = / [_\'(h'.r) — X.(h")| podh’
h

the displacement moment. where X (h.7) is the
Euclidean space position and X,(%) is the Euclidean
space position at shock arrival. Partial denvatives of a
are the {unctions associated with mass and momentum
conservation: only energy need be integrated separately.
Figure 3 shows the partial derivatives of a: moving in
the table diagonally downward left indicates differen-
tiation in Lagrangian distance h and diagonally right
indicates differentiation in time 7. For example then

O /Oh? = pon. 0*a/0r? = P - P,. and 0*a/0hdr
—pout. where n = 1 = V'/15, is the volume strain. On
the shock line a(h. r,(h)) = 0. Ja/dr = I = 0, and
da/0h = —p,AX = 0. where AX = X — X,. Further-
more. first denvatives of I and —p, AX alnng the shovk
path vield the Rankine-Hugoniot shock-jump relations,
aned serond derivatives are the kinematie shock-change

equations. In practice a is represented as a function of
titne after shock arrival, thus o(h.r) - Hh.r — 7,(h))
aed properties of a are applied to 4. Note that deriva-

tives of o and .7 satisfy

(hy = "l - T:J'z. by == .*-.l

Chy — "ll - 27: l*l‘_: +_(r:).! .f-z_g N SR
pp = Fan and

(Ypp = .f-“ : T’ Juz



Subscripts of 1 and 2 denote partial differentiation of J
with respect to first and second arguments. The shock
line is thus placed on the abscissa axis of the function J.
Thus J52(h.0) is the pressure on the shock line and the
shock-line conditions applied to 3 give J(h,0) = 0 and
(93/07)(h.0) = 0. which reduces the number of prrame-
ters necessary for the least-square fit. The function may
be expanded piecewise with each sub area being bounded
by a time line similar to 7,(k) and with appropriate con-
tinuity conditions applied.

For the least-squares fit of a, particle velocity and
impulse data are entered as the partial derivatives o), =

—pou and a, = I. Particle-velocity histories are also
individually smoothed and integrated to give displace-
ment data ay = —p,AX. The shock-trajectory pres-

su e is determined by an independent least-squares fit
(as described above) and is used as a constraint. The
function 333(h.0) is the shock pressure and is completely
determined by the shork trajectory. Smoothing terms of

(7 )*. (trr)?. and (Pr,)? are added to the least-squares
merit function. The smoothing is necessary to dampen
the untoward effects on the volume strain n and other
subsequently derived vanables of energy. reaction extent
and reaction rate caused by the gauge to gauge calibra-
tion uncertainty in particle velocity and impulse.

The streak-camera trace and the individual MIV
gauge histories were fit by a new nonparametric least-
square method Tabular Function Least Squares (TFLS).
In this method the least-square function is represented
as a table {z,.f,}.: = 1. NF with an associated iuter-
polation function G. where G({:z, f}. r) = interpolated
-alue at r. The table {z} is uniformly spaced over the
domain of the fit. (The current choices for G are linear
or cubic interpolation on a central interval.) Smoothness
is induced upon the table by adding to the merit fune-
tion the sum of the squares of the Nth order forward-
difference operator over the interior tabular points. Thus
given data {(r,.y,)}. the merit function

ND " NF-N

E{fh = ZI{G’({:. f}. r) - y.]. + wr - Z (A fi)?

is minimized with respect to the table { fi}, where VD =
nunber of data points, NF = number of tabular points,
and .V = order of the difference nperator.
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Following the determination of che function a(h. 1)
by least squares fitting, the reactant mass fraction w is
found by solution of 1§ = P(V.e.w), an assumed solid
and product mixture equation of state. The reactant
(solid) EOS was taken to be a Mie-Griineisen form with
a first shock Hugoniot reference line. The parameters are
Uy, =2.7734+1.829u,.Ty =1.50. po = 1.893. The product
EOS was also a Mie-Griineissen form with a BKW calcu-
lated detonation isentrope reference line.® Two mixture
rules were applied. The first is temperature and pressure
equilibrium. The second is pressure equilibrium with an
isentropic soiid in which solid isentrope for each mass
point passes through its first shock (V. e, P) point.

RESULTS

Comparisons of the data. a surface lines, and de-
rived reaction graphs for shots G705 and G717 are shown
in Figures 4 through 13 with shot G705 appearing on the
left. In IMigure 4 and 3. the impulse and particle-velocity
data histories and a partial-derivative lines are shown.
The particle-velocity graphs show that shot G717 was
subject to higher initial shock pressure. The impulse his-
tories are similar but those of G717 are steeper, which is
reflected in the pressure graphs of Figure 6. Constant-
time profiles (snapshots) are shown in Figures 7, 8, and
9 at times of 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 us. The snap-
shots verify that the a surface is well behaved between
the gauge positions.

With the muixture equation of state, the mass frac-
tion of reactant histories are calculated for Langrangian
positions of 2.0, 2.5. 3.0. 3.5. and 4.0 mm; points well in-
terior to the Lagrangian domain. Figure 10 shows the
mass-fraction histories; no exponential first order reac-
tion tail is seen. although such a feature may be lost in
the least-squares fitting.

The time dernivative of -In(w) is graphed versus
pressure in Figure 11. which shows that the reaction rate
15 not a simple function of pressure. The reaction rate is
graphed versus equilibrivmn temperature in Figure 12 and
versus isentropic solid temperature in Figure 13. The
isentropic solid temperature is dependent only on the ini-
tial shock and the subsequent solid compression history
and therefore cannot be expected to closely reflect reae-
tionr. The solved reaction histories for the two equation
of state mixture rules were idistinguishable.



Each of the reaction or reaction-rate graphs does
show that the reaction: rate is initially slow following the
shock and increases in time thereafter. indicating some
induction process.

Unfortunately, the reaction-rate function or system
is not obvious from the common graphs ar.d will require
furiher study of rate forms for its deduction. A possible
method to examine a reaction-rate function (or system)
is to integrate the rate form by using th: derived state
histories and compare the integrated reactant histories to
the derived reactant histories in the context of a nonlin-
ear least-squares optimization.
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FIGURE 1. MIV GAUGE EXPERIMENTAL ASSEM-
BLY.

FIGURE 2. SHOCK TRAJECTORY VELOCITIES
FOR DOUBLE WEDGE SHOT G684 (LINES), MIV
SHOT G705 (CIRCLES). AND MIV SHOT G717
(SQUARES).

FIGURE 3. THE FUNCTICN a AND ITS PARTIAL
DERIVATIVES.

FIGURE 4. IMPULSE GAUGE DATA AND a, LINES
FOR SHOTS G705 (LEFT) AND G717
(RIGHT.

FIGURE 5. PARTICLE VELOCITY GAUGE DATA
AND -Vhas » LINES FOR SHOTS G705 (LEFT) AND

G717 (RIGHT).

FIGURE 6. PRESSURE AT THE GAUGES (a,,) FOR
SHOTS G705 (LEFT) AND G717 (RIGHT).

FIGURE 7. PARTICLE VELOCITY SNAPSHOT PRO-
FILES AT SIX TIMES (¢ = 0.2,0.4, --,1.2) FOR
SHOTS G705 (LEFT) AND G717 (RIGHT).

FIGURE 8. DENSITY SNAPSHOT PROFILES AT SIX

TIMES (t = 0.2.0.4.---.1.2) FOR SHOTS G705 (LEFT)
AND G717 (RIGHT).

FIGURE 9. PRESSURE SNAPSHOT PROFILES A SIX
TIMES (t = 0.2.0.4.---.1.2) FOR SHOTS 705 (LEFT)
AND G717 (RIGHT).

FIGURE 10. MASS FRACTION OF REACTANT HIS-
TORIES AT h = 2.0, 2.5. 3.0, 3.5, and 4.0 FOR SHOTS
G705 (LEFT) AND G717 (RIGHT).

FIGURE 11. TIME DERIVATIVE OF —In(uw) HIS-
TORIES AT h= 2.0. 2.5. 3.0. 3.5 and 4.0 FOR SHCTS
G705 (LEFT) AND G717 (RIGHT).

FIGURE 12 REACTION RATE HISTORIES VER-
SUS EQUIL13RIUM TEMPERATURE AT h= 2.0 2.5,
3.0. 3.5 anc 4.0 FOR SHOTS G705 (LEFT) AND G717
(RIGHT).

FIGURE 13. REACTION RATE HISTORIES V .RSUS
ISENTROPIC SOLID TEMPERATURE AT h = 2.0.
2.5. 3.0. 3.5 and 4.0 FOR SHOTS G705 (LEFT) AND
G717 (RIGHT).
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FIGURE 3. THE FUNCTION a AND ITS PARTIAL
DERIVATIVES.
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